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Graphical abstract 
 
Electrotherapy device 
 
 
 
Highlights 
 
• A fabric electrode has been fabricated using the combination of weaving and printing 
technologies. 
• The conductive yarn pattern was optimized (2.5mm by 2.5mm grid) to achieve even current 
distribution of the electrode layer. 
• Asymmetric centrifugal mixing can breakdown the carbon particles and produce a high 
density (without voids) electrode. 
• The wearable electrotherapy was comfortable to wear and easy to use. 
• The prototype has been tested on six volunteers with osteoarthritis knee joint pain. Four out 
of six have reported noticeable pain reduction by using the device. 
 
Abstract 
 
Electrotherapy is a common therapeutic treatment used to provide pain relief. The device delivers a 
mild level of current via electrodes positioned on the skin to interfere with the pain signal and stimulate 
the release of the body’s own natural painkiller to reduce the pain. This paper presents the materials and 
fabrication methods used to manufacture a textile based wearable electronic textile (e-textile) with 
electrodes embedded for joint pain relief. The electrode is made by three functional layers including 
textile layer, conductive layer, and electrode layer. An electronic control has been developed to deliver 
interferential therapy. The e-sleeve has been designed and developed alongside patient and public input 
and tested on six volunteers with self-reported knee joint pain. Four out of six volunteers reported 
noticeable pain reduction on using the e-textile. The wearable e-textile demonstrated no adverse effects 
and pilot evidence suggests this has the potential to be a comfortable and easy to use solution for pain 
relief for people living with osteoarthritis knee joint pain. 
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1 Introduction 
Osteoarthritis (OA) is the most common musculoskeletal (MSK) disorder affecting 8.75 million people 
in the UK and 250 million people worldwide [1, 2]. OA is a joint disease caused by the structural 
alterations of the articular cartilage that leads to destruction and failure of the synovial joint. It is an 
active dynamic alternation due to the imbalance between wear-and-tear and repair. The risk factors of 
OA include age, obesity, gender (more women than men are affected), and previous knee injury [3]. 
OA can affect many joints (e.g. knee, hip, hand, feet) and the knee is the most prevalent affected joint 
due to the regular flexing, bending and twisting, and weight bearing. More than half of the population 
with OA experiences knee problem with the common symptoms of pain, stiffness, swelling, limited 
movement in joints, and muscle loss. The number of people living with knee OA in the UK is estimated 
to increase, with increasing longevity and obesity, from 4.7 million in 2010, to 6.5 million by 2020 and 
8.3 million by 2035 [4]. 
 
Joint pain is the most disabling symptom that affects people’s quality of life and creates a huge burden 
to healthcare providers and society (e.g. work loss, premature retirement) [1]. Patient information to 
enhance understanding of the condition and its management, exercise and weight loss have been 
identified as core treatments to all people with OA [5]. However, joint pain continues to be a significant 
factor in effective self-management and can impact on the amount of exercise and functional movement 
a person engage with. . 
 
Electrotherapy devices deliver a mild level electric current (e.g. 0-100 mA) through the skin to interfere 
the transmission of pain signals by exciting sensory nerves and stimulate the production of endorphins 
- the bodies’ natural painkiller [6, 7]. The most commonly used electrotherapy is Transcutaneous 
Electrical Nerve Stimulation (TENS) that utilizes low frequency (e.g. 2-150 Hz) current. The more 
advanced electrotherapy is Interferential Current therapy (IFC) that utilises two medium frequency 
currents (e.g. 1-10 kHz) passing through the tissues at the affected area simultaneously to reduce the 
pain. IFC eliminates the discomfort and other side effects (e.g. skin irritation) that may be associated 
with TENS because the skin impendence is significantly reduced at higher frequency (e.g. 3200 Ω at 50 
Hz vs 40 Ω at 4000Hz) [8]. Interferential Current therapy’s current can reach greater depths and offer 
electrotherapy to a larger number of tissues than TENS. Some studies find both TENS and IFC improved 
pain and functional outcomes without a statistical difference between them [9], while others find IFC is 
more effective, for example, systematic reviews and meta-analysis have concluded that IFC is an 
effective treatment to reduce pain, leading to decreasing use of paracetamol [10] and is more effective 
than other alternative therapeutics (e.g. TENS) [11, 12]. 
 
Electrotherapy devices consists of two parts including electronic control unit to generate the current and 
electrodes to deliver the current through the skin to reach the sensory nerves. Traditional devices that 
have used sticky gel electrodes having a limited lifetime. The gel electrodes performance reduces as the 
 
moisture evaporate. Additionally the electrodes are easily contaminated due to the stickiness of the 
surface property. For the traditional electrotherapy devices, the individual electrodes need to be 
positioned accurately to optimize performance and this could be time consuming and dependent on 
operator skill to achieve the correct placement. Wearable TENS devices (e.g. Quell [13], Hollywog 
[14]) have been developed by integrating the electrodes and electronic control into a single unit to 
improve the usability. However, the gel electrodes have a limited lifetime typically lasting from 2 to 4 
weeks. 
 
To eliminate the disadvantages of gel electrodes, this current work presented here has developed an e- 
textile based sleeve using a novel dry electrode. The soft and tacky (but not sticky) properties of the 
novel electrode, which distinguishes it from published textile electrodes used in electrical stimulation 
[15, 16, 17], provide a comfortable solution to the end users because it combines the advantages of the 
dry electrode (e.g. easy to use, easy to maintain) and gel electrode (e.g. good skin contact, no hot spots). 
The electrodes are embedded in a wraparound knee sleeve that is easy to put on and take off. The e- 
sleeve has good flexibility and conformability. The electrode material used in this work has passed the 
cytotoxicity test [18]. It can withstand regularly bending in everyday use and can be cleaned either using 
wiping or washing [19]. The prototype shown in Figure 1 has been manufactured and tested on six 
volunteers with OA knee joint pain. 
 
Figure 1. E-sleeve (inside out to show the electrodes) and wired electronic control unit 
 
2 Material, fabrication and testing methods 
 
2.1 Material 
The textile yarn Tencel 2/20 was purchased from Handweavers Studio, UK. The Shieldex® conductive 
yarn 110/34 dtex 2-ply HC was purchased from Statex, Germany. The knee sleeve (patella design, 
universal size) was purchased from NEO-G, UK. The electrode pastes Fabink TC-E0002, made of 
conductive carbon particles and silicone rubber, was supplied by Smart Fabric Inks Ltd, UK. 
 
2.2 Fabrication 
 
2.2.1 E-sleeve fabrication 
The conductive textile was made by weaving the textile yarn, conductive yarn and encapsulated 
conductive wire on a Toika electric handloom (Figure 2). 
Figure 1. Toika electric handloom 
 
The fabric electrode was fabricated following the process shown in Figure 3. WeavePoint 9 software 
was used to design the fabric and operate the loom. The fabric consists of two cloths and was woven 
simultaneously to produce a plain weave structure of a two-layered textile. The bottom layer was made 
of Tencel yarns which served as a barrier layer to provide protection and electrical insulation. The top 
layer was made by the combination of Tencel yarn, conductive yarn and silk coated multistrand Litz 
wire [20], creating the conductive pattern as shown in Figure 3. The size of the conductive pattern was 
4 cm by 4 cm. Different gaps between the conductive yarns in the grid structure were evaluated as 
detailed in Section 3.1. The encapsulation layer of Litz wire was removed at both ends to provide 
electrical connection with the conductive yarn and the external electronic control. The electrode was 
printed on top of the conductive grid using stencil printing (casting the paste through a 1mm alumina 
frame with an open area of 5cm * 5cm) and cured at 80℃ for 30 min in a box oven to produce the final 
fabric electrode. 
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Figure 3. E-sleeve manufacturing 
 
The printed electrode was sewn into the NEO-G knee sleeve to produce the e-sleeve as shown in Figure 
4. The interconnection between the conductive wires connected to the electrode and the electronic 
control was placed on the other side of the knee sleeve as shown in Figure 5. 
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Figure 4. Electrodes on knee sleeve (e-sleeve) 
 
 
Figure 5. Electrodes and electronnics interconnection 
 
 
2.2.2 Electronics 
The electronic control unit provides two separate stimulation currents to the diagonally opposite 
electrode pairs. Each of the two channels’ outputs a stimulation current with a sine wave pattern at a 
different frequency (one at 4000 Hz and the other at 4100 Hz). The diagonally opposite electrodes 
(Figure 6) have overlapping current paths inside the tissues of the user. When the two stimulation 
currents overlap they combine to produce an amplitude modulated signal with a 100 Hz beat frequency 
on a 4050 Hz carrier wave as shown in Figure 7. This waveform is felt as if it is a demodulated 100 Hz 
waveform but due to the higher frequency property of the current it can reach deeper into the tissue than 
using a 100 Hz wave directly. 
 
 
Figure 2. Crossed current paths used in the IFC simulation 
 
The stimulator consists of four subsystems, the battery and power supply, user interface, control 
processor, and the output stage. The current strength of the stimulation is set on the user interface located 
on the front of the unit. The control processor then generates an analogue voltage control waveform for 
each of the two output channels based on the selected strength. The output stage takes the waveforms 
from the control processor and converts them into current outputs which flow between the two 
electrodes for channel A and B. The power supply subsystem provides power to the control processor 
and output stage from the onboard battery and also handles recharging of the battery between uses. The 
 
electronic was developed according to the safety standard BS EN 60601-2-10 (particular requirements 
for safety for muscle and nerve stimulation device). 
 
 
Figure 7. Stimulation currents and merged stimulation effect 
 
2.3 Testing methods 
 
2.3.1 Electrical resistivity test 
The electrical resistance of the carbon electrode was measured by placing it between two conductive 
plates as shown in the Figure 8. The resistance was measured using a multimeter. The resistance of 
plates has been deducted in the calculation. 
 
 
Figure 8. Electrode resistance measurment 
 
The resistivity (ρ) of electrode can be calculated using the Equation 1, where R is the resistance, S is 
the area of the cross section, and L is the thickness of the electrode. 
ρ=R∙S/L [1] 
 
2.3.2 Current distribution test 
The current distribution of the electrodes was tested using bespoke equipment. A heatmap was used to 
represent the current distribution as detailed in Section 3.1. The current was applied to the carbon 
electrode layer via a pigtail connector which was connected to the conductive yarn layer under the 
carbon electrode. The current then flows via nine conductive mental pins placed on top the electrode as 
illustrated in Figure 9. 
 
 
Figure 9. Illustration of the current distribution test 
 
2.3.3 Prototype testing 
Usability testing of the prototype was conducted with six volunteers (age 50 – 65, 2 female, 4 male) 
with self-reported knee joint pain recruited from non-NHS routes and not recruited via NHS out-patient 
clinics or GP surgeries. Full ethical approval from the University of Southampton was gained before 
conducting any usability testing. 
 
The volunteers were asked to rate their current level of pain prior to testing at rest using a pain scale 
(Table 1). They were then asked to wear the prototype and adjust the current to the level they felt was 
strong but not uncomfortable. The prototype was kept on the knee for half hour during a range of 
activities including walking on flat road, up/down hills, and up/down stairs. Information was collected 
via verbal feedback on design, pain score during wearing the prototype, and how the prototype might 
be improved in the future research and development. 
 
Table 1. Pain scale 
 
0 
Pain Free 
1 
Very mild 
2 
Discomfort 
3 
Tolerable 
4 
Distressing 
5 
Very 
Distressing 
6 
Intense 
7 
Very 
Intense 
8 
Utterly 
Horrible 
9 
Excruciating 
Unbearable 
10 
Unimaginable 
Unspeakable 
No Pain Minor Pain Moderate Pain Severe Pain 
Feeling 
perfectly 
normal 
Nagging, annoying, but doesn’t 
interfere with most daily activities. 
Patient able to adapt to pain 
psychologically and with medication 
or devices such as cushions. 
Interferes significantly with daily 
living activities. Requires lifestyle 
changes but patient remains 
independent. Patient unable to adapt 
pain. 
Disabling, unable to perform daily living activities. 
Unable to engage in normal activities. Patient is 
disabled and unable to function independently. 
 
3 Results and discussion 
 
3.1 The effect of the conductive yarn density on electrode current distribution 
Uniform current distribution on the electrode during the electrotherapy treatment is essential to avoid 
hot spots that may cause discomfort and pain. The influence of the conductive yarn layer on the 
electrode current distribution was evaluated by measuring the current distribution among nine points on 
 
the electrode. Four conductive yarn patterns with a conductive grid size of 5.0 mm, 2.5 mm, 1.0 mm, 0 
mm as shown in Table 2 were evaluated. 
To quantify the difference in current distribution, heatmaps were used to indicate the current distribution 
among the nine pins. Different colour represents different level of current (green: low; orange: medium; 
red: high). The heatmaps indicate that electrodes with conductive yarn grid of 2.5 mm and 1.0 mm give 
more uniform current distribution compared to the samples with grid gaps of 5.0 mm and 0 mm. The 
average standard deviation (σ) in Table 2 confirms the samples with grid gap of 5.0 mm has poorest 
current distribution, followed by the samples with 0 mm (solid conductive yarns). The current 
distribution for the samples with 1.0 mm grid gaps were very close to the samples with 2.5 mm gaps. 
Therefore, 2.5 mm gap was used as optimised gap for the conductive yarn layer. 
Table 2. Conductive yarn layers with different gird density 
Conductive 
yarn layer 
    
Grid size 5.0 mm 2.5 mm 1.0 mm 0 mm 
 
 
Grid size No. of sample tested 
1 2 3 
5.0 mm 
   
Mean 1.8763 1.8820 1.7866 
Standard 
deviation 
0.0851 0.0452 0.0616 
σ 0.06397 
2.5 mm 
   
Mean 1.7259 1.7824 1.7697 
Standard 
deviation 
0.0109 0.0266 0.333 
 0.0236 
1.0 mm 
   
Mean 1.7862 1.7994 1.8306 
Standard 
deviation 
0.0196 0.0295 0.0275 
 0.0255 
0 mm 
   
Mean 1.7302 1.7428 1.7660 
Standard 
deviation 
0.0483 0.041 0.0329 
 0.0407 
 
3.2 Influence of the electrode paste mixing process 
The Fabink TC-E0002 electrode was supplied by three parts: polymer part A, polymer part B, and 
carbon powder. The percentage of the ingredients recommended by the supplier is 43.5% part A, 43.5% 
part B and 13.0% carbon. Three different mixing methods were evaluated including hand mixing using 
spatula, mechanical mixing using KitchenAid mixer, and Dual Asymmetric Centrifugal mixing using 
SpeedMixer DAC 150. The SEM images of the electrodes cross section were taken using EVO50SVP 
supplied by Carl Zeiss Ltd. As shown in Figure 10, both hand mixing and KitcheAid mixing introduced 
air bubbles into the carbon paste in the mixing process. The air was not able to escape during the curing 
as the paste is viscous. This leads to the formation of voids in the electrode layer. The voids in the 
electrode made by KitchenAid In addition, there were large carbon particles in the SEM images that 
indicates the hand mixing and KitchenAid mixer were not able to break down the carbon particles into 
smaller uniform size. The electrode made using speed mixing produced the best electrode properties 
with no large voids and more uniform carbon particular distribution. This is because the DAC speed 
mixer works by the spinning of a high-speed mixing arm in one direction while the basket rotates in the 
opposite direction. This unique combination of two contra-rotating movements created strong shear 
force that can break down the large carbon participles to smaller ones. It also eliminate creating bubbles 
during mixing. Short mixing time (e.g. 20 s at 3500 rpm) is essential in order to minimise the heat 
created which can speed up the polymerisation of the carbon paste. 
 
 
  
Hand mixing Kitchen mixer Speed mixer 
 
Figure 10. SEM images of the electrodes 
 
3.3 The influence of external pressure on electrode resistivity 
In order to evaluate the influence of the external pressure on the electrode resistivity, resistance with 
different weight loading on top of the conductive plate was evaluated from 100 g to 600 g with 100 g 
intervals, which is equal to adding pressure from 392 N/m2 to 2352 N/m2 at 392 N/m2 intervals. As 
shown in Figure 11, the resistivity decreased with the increasing of the pressure. In particular, the 
resistivity reduced by 57% when the pressure was increased from 0 to 392 N/m2. This is because the 
electrode is a soft material which can be squeezed leading to better contact between the carbon particles. 
Therefore, the e-sleeve should be fit on the knee tightly to ensure good conductivity. 
 
 
 
 
Figure 11. Risistivity under different pressure 
 
3.4 E-sleeve test 
The electrode fabric was sewn onto an open knee sleeve as shown in Figure 4. The sleeve can be 
wrapped around the knee and fastened using the Velcro straps to provide tight contact with the skin. 
The electrodes are connected to the electronic control shown in Figure 12. The current can be adjusted 
using the push buttons from 0 to 60 mA. The E-sleeve was tested on six volunteers with knee joint pain. 
The prototype was worn for 30 minutes at the current level the volunteers chosen which was between 
30 mA and 60 mA. The activities carried out with the e-sleeve including walking on flat road, walking 
up/down hill and walking up/down stairs. 
Six out of six volunteers reported the knee sleeve itself (without the IFC on) provided support for the 
knee. Four out of six reported noticeable pain reduction by using the IFC compared to wearing the knee 
sleeve without the IFC switched on, in particular for the activities they experienced pain in their 
everyday life (e.g. walking up and down hill or stairs). 
Table 3. Pain scores 
Participant NO. Without the e-sleeve With e-sleeve but without the IFC on With the e-sleeve and IFC on 
1 2-3 2 0-1 
2 4 3 3 
3 3 2 2 
4 2-3 2 0-1 
5 3 2 1 
6 3-4 2 1 
 
Six volunteers commented that the stimulation from the e-sleeve was comfortable and the wrap around 
e-sleeve design was easy to use. The participants were advised to increase the current to maximise the 
pain relief effect and the current for all participants can reach up 50-60 mA without any discomfort after 
wearing the e-sleeve for 10 minutes. However, additional feedback on the usability of the wearable 
technology included to 1) reduce the thickness of the fabric and further improve the flexibility, 2) 
eliminate the use of the wire cable to improve the user experience. 
 
 
 
 
Figure 12. Electronic control 
 
4 Conclusions 
 
This paper presents the fabrication of an e-sleeve used for knee joint pain relief. The electrode consists 
of a textile barrier layer, conductive layer and silicone rubber electrode layer. The conductive pattern 
with grid size of 2.5mm by 2.5mm provides a uniform current distribution which eliminates the 
discomfort that caused by the hot spots of the dry electrodes. Dual Asymmetric Centrifugal SpeedMixer 
is an effective equipment to mix the electrode paste to reduce the voids and break down large carbon 
particles. An electronic control system has been developed to provide interferential therapy and the 
current can be adjusted from 0 to 60 mA using the push buttons on the interface panel. The prototype 
has been tested with six volunteers with self-reported knee joint pain and four out of six reported there 
was noticeable pain reduction on use of the e-sleeve, the stimulation was comfortable and the 
wraparound e-sleeve was easy to use. Further improvement will be made by using thinner and more 
flexible fabric to replace the NEO-G sleeve and avoid using the wire cable to improve the use experience. 
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